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       The thermal performance of an electrochromic vacuum glazing and a vacuum glazing with a range of low-emittance coatings were simulated for insolation levels between 0 to 1000 Wm-2 using a three-dimensional finite volume model. The vacuum glazing simulated comprised two 0.4m by 0.4m glass panes which were separated by a 0.12mm wide evacuated space sealed contiguously by a 6mm wide metal edge seal. The vacuum space formed between the glass sheets was supported by a 0.32mm diameter square pillar grid spaced at 25mm and had either one or two low-emittance coatings. For the electrochromic vacuum glazing a third glass pane on which the electrochromic layer was deposited was sealed to the evacuated glass unit. An “electrochromic vacuum glazing” combines an electrochromic smart window with a vacuum glazing providing both very low heat transmittance (less than 1 Wm-2K-1) and the potential to control visible light transmittance and solar heat gain and thus thermal comfort for building occupants. It may reduce peak energy demands both for cooling during summer and heating during winter. Simulations show that for both vacuum glazing and electrochromic vacuum glazings, when the coating emittance value is very low (close to 0.02), the use of two low-emittance coatings gave limited improvement in glazing performance. The use of only one currently-expensive low-emittance coating in both glazings provided acceptable performance. The significant performance improvement that resulted from the use of suitable rebate depths in solid wood frames for both glazing systems were investigated quantitatively.
1. INTRODUCTION

       The first working vacuum glazing (Robinson and Collins, 1989) used a low melt solder glass to form a contiguous edge seal at temperatures above 450oC. Many types of soft low-emittance (low-e) coatings and tempered glass will degrade at such a high temperature, they cannot therefore be employed to fabricate vacuum glazing using this method. To remove these restrictions, the Centre for Sustainable Technologies at the University of Ulster developed a low temperature method (i.e. less than 200oC) for producing an edge seal for vacuum glazing (Griffiths et al., 1998). A detailed description of the fabrication of vacuum glazing at low temperature and the performance properties were reported by Hyde et al., 2000 and Fang et al., 2000 respectively. Electrochromic glazing technology research is well documented (Lampert, 1998), visible light transmittance by electrochromic films can be controlled to be down to 8% at the coloured and up to 80% in the bleached state respectively by applying a 1-2V DC switching voltage. The switching time between the coloured and bleached states can vary from approximately 30 seconds to 10 minutes (Fischer et al., 2003). Electrochromic films have many potential applications for example, in the automotive industry to prevent overheating due to sunroofs, as windshields and rear view mirrors to provide glare protection (Fischer et al., 2003). Recent work for building applications has considered the effect of control strategies on energy savings (Kailsson et al, 2000). An electrochromic vacuum glazing combines an electrochromic smart window with a vacuum glazing as shown in Fig. 1. 
       
       This novel glazing system combines the low-heat-loss properties of vacuum glazing with a U-value of less than 1 Wm-2K-1 with the variable transmittance of an electrochromic glazing, allowing control of solar heat gain. The combined properties may enable optimal thermal comfort to be provided with limited use of auxiliary space heating and artificial light due to very low heat loss, daylightling and glare attenuation. It may reduce both the peak energy demands for cooling during summer and heating during winter. To date no detailed and systemic studies have been reported on the effect of low-e coatings, insolation and frame rebate depth on the performance of both vacuum glazing and electrochromic vacuum glazing systems. A finite volume model (Eames and Norton, 1993) was modified to analyse heat transfer through a vacuum glazing and an electrochromic vacuum glazing using ASTM standard winter conditions (ASTM, 1995) for the boundary conditions. 

2. THERMAL PERFORMANCE OF A VACUUM GLAZING AND AN ELECTROCHROMIC VACUUM GLAZING

       The thermal performance of a vacuum glazing and an electrochromic vacuum glazing were simulated. In the simulations, the indoor air set-point temperature and the outdoor ambient air temperatures were set to be constant at 21.1ºC and -17.8ºC respectively, the convective heat transfer coefficients on the indoor and the outside surfaces were set to be 8.3Wm-2K-1 and 30Wm-2K-1 respectively corresponding to those in ASTM measurement standards for winter conditions (ASTM, 1995). The simulated vacuum glazing and the electrochromic vacuum glazing were both 0.4m by 0.4m in size and comprised two and three 4mm thick glass panes for the vacuum glazing and electrochromic vacuum glazing respectively. The simulated vacuum glazing component had one or two low-e film coated glass panes, separated by 0.12mm, supported by a 0.32mm diameter pillar array spaced at 25mm in a regular square pattern. The edge seal was a 6mm wide band of indium. The thickness of the electrochromic layer between the vacuum glazing and the third sheet of glass was 0.1mm. The simulated electrochromic layer in the bleached state absorbed approximately 10% of the incident solar energy; in the opaque state, the energy absorption of the electrochromic layer was 80%. In the simulations the thermal conductivity of the electrochromic layer was set to be 1 Wm-1K-1. The thermal performance of the electrochromic vacuum glazing was investigated for the electrochromic layer facing towards the outdoor environment. Fang et al., (2004) illustrated that if the electrochromic layer faced towards the building interior, if the insolation perpendicular to the glazing surface is 600 Wm-2, the simulated indoor glass temperature will be over 129ºC. Such temperatures are too high for the occupants and will damage the electrochromic vacuum glazing systems.  
2.1 Thermal performance of a vacuum glazing

       A schematic diagram of a vacuum glazing rebated into a solid wood frame is shown in Fig. 2. The predicted temperatures for a vacuum glazing subject to insolation of between 0 and 1000 Wm-2 incident normal to the glass surface were calculated using the finite volume model and are presented in Fig. 3. The emittance of the coating on two glass panes were both 0.18 and the rebate depth in a solid wood frame was 15.4mm. Figure 3 shows that the solar energy absorbed by the vacuum glazing leads to an increase in the mean temperature of the outdoor and indoor glass pane surfaces from –15.6ºC to –8.5ºC and from 14.0ºC to 29.8ºC when the insolation increased from zero to 1000 Wm-2K-1. The temperature difference between the indoor and outdoor glass panes increases from 29.6ºC to 38.3ºC. The rate of increase in the outdoor glass pane surface temperature was larger than that for the indoor glass pane surface, this is because the heat absorbed by the outdoor glass pane cannot be effectively transferred to the indoor glass pane due to the high resistance to heat transfer provided by the evacuated space. When the insolation increases to 448 Wm-2, the indoor glass temperature increases to more than the indoor set-temperature of 21.1ºC, consequently the indoor glass pane begins to transfer heat to the indoor environment.
       The predicted overall heat transfer coefficient of the total window and the centre glass area (with boundaries 63.5mm from each sightline (Anon, 1992) in which edge effects have little influence on heat transfer as a function of the emittance of vacuum glazing with one and two low-e coatings were calculated and are presented in Fig. 4. It can be seen that with increasing emittance of low-e coating, the U-value of both the total window and the centre glass area increase. The U-value of vacuum glazing with two low-e coatings is lower than that with one low-e coating and one uncoated float glass (emittance of 0.87), however when emittance is close to 0.02, the use of two low-e coatings gives marginal improvement in the U-values of vacuum glazing. 
       The thermal performance of a vacuum glazing with rebate depths from 0 to 22.4mm in a solid wood frame were calculated and are presented in Fig. 5, the U-value of the total window area decreased from 1.58 Wm-2K-1 to 1.09 Wm-2K-1; that of the centre glazing area decreased from 1.16 Wm-2K-1 to 0.92 Wm-2K-1. The rate of decrease in U-value of the total glazing area was obviously larger than that of the centre glazing area. The frame rebate significantly reduced heat transfer through the edge area of the vacuum glazing, thus the total window area. The decrease of the U-value of the centre glazing area was relatively small.

2.2 Thermal performance of Electrochromic vacuum glazing 

       The thermal performance of an electrochromic vacuum glazing with the electrochromic layer coloured, with an 80% absorption, facing the outdoor environment was simulated. For insolation of between 0 and 1000 Wm-2 perpendicular incident on the glazing surface, the mean surface temperatures of the outdoor and indoor glass pane surfaces were calculated and are shown in Fig. 6. It can be seen that with increasing insolation from 0 to 1000 Wm-2, the predicted surface temperature of the indoor glass pane increased from 11.4ºC to 57.3ºC and that of the outdoor glass pane increased from –15.6ºC to 99.7ºC. Due to the solar energy absorbed by the outdoor glass pane and the high thermal resistance of the evacuated space reducing the heat transfer from the outdoor glass pane to the indoor glass pane, the rate of increase in mean surface temperatures of the outdoor glass pane is significantly larger than that of the indoor glass pane. When insolation is larger than 200 Wm-2, the indoor glass pane will transfer heat to the indoor environment; when the insolation is greater than 380 Wm-2, the temperature of the outdoor glass pane is larger than that of indoor glass pane.
       The U-values of the electrochromic vacuum glazing with one and two low-e coatings with various emittance were calculated and are shown in Fig. 7. Comparing Fig.7 to Fig. 4, the emittance of the low-e coating has a very similar influence on the U-value of the electrochromic vacuum glazing. When the emittance approached 0.02, two low-e coatings gave limited improvement in the U-values of the total and centre glazing areas. The difference between Figs. 4 and 7 is that the U-value of the electrochromic vacuum glazing is larger than that of the vacuum glazing, the reason for this is that the electrochromic vacuum glazing has effectively a thicker glass pane than the vacuum glazing, this leads to heat conduction through the edge seal in the electrochromic vacuum glazing being larger than that of vacuum glazing (Fang et al., 2000). From Figs. 3 and 6 when both emittance values were 0.02, the U-values of the total window and the centre glazing areas of the electrochromic vacuum glazing are 1.22 Wm-2K-1 and 0.80 Wm-2K-1 and those of the vacuum glazing are 1.07 Wm-2K-1 and 0.76 Wm-2K-1 respectively.                       
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Fig. 3 Predicted glazing mean surface temperatures with insolation intensity between 0 and 1000Wm-2 incident perpendicular to the outdoor glass pane surface. 














































































Fig. 8 The mean surface temperatures of the glass panes and U-values of window under various rebate depth.
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